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ABSTRACT: We followed the course of canine parvovirus (CPV) antibody prevalence in a
subpopulation of wolves (Cools 111 1)11s) in northeastern Minnesota from 1973, when antibodies
were first detected, through 2004. Annual early pup survival was reduced by 70%, and wolf
population change was related to CP\ antibody prevalence. In the greater Minnesota population
of 3,000 wolves, pup survival was reduced by 40-60%. This reduction limited the Minnesota wolf
population rate of increase to about 4% per year compared with increases of 16-58% in other
populations. Because it is young wolves that disperse, reduced pup survival may have caused
reduced dispersal and reduced recolonization of new range in Minnesota.
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INTRODUCTION

Canine parvovirus (CPV) may have
originated from a feline panleukopenia-
like virus in a wild carnivore (Steinel et al.,
2001). The earliest evidence of CPV
infection in a canine species conies from
the detection of CPV antibodies in wild
wolves (Canis lupus) that were sampled in
northeastern Minnesota during 1973
(Mccli and Goyal, 1995). Antibodies to
CPV subsequently were detected in do-
mestic dogs (Canis in/ms fainiliaris) in
Greece in 1974 (Koptopoulos et al., 1986)
and front (logs in the Netherlands in 1976
(Schwers et al., 1979). The virus has been
detected in wild and domestic canids
worldwide (Steinel et al., 2001).

Mortality related to CPV in domestic
canids primarily is associated with younger
animals (1-12 wk old; Eugster and Nairn,
1977; Meunier et al., 1981), but almost
nothing is known about the epidemiology
of CPV in wild canid populations or its
potential to impact populations negatively.
The disease can be fatal to wolves (Mccli
et al., 1986; 1997) and is suspected to have
caused declines or attenuation of wolf
populations in Wisconsin (Wydeven et al.,
1995) and on Isle Royale, Michigan

(Peterson et al., 1998). In a small area
(2%) of Minnesota's wolf range, wolf
population changes were highly related
(r2 =0.83) to CPV antibody prevalence
from 1984 through 1993 (Mccli and
Goyal, 1995). Now, after following the
course of CPV infection in wolves in that
study area (intensive study area [ISA];
48N latitude and 91'15'W longitude)
since the first appearance of CPV some
30 yr ago, we document its long-term
effect in the ISA and demonstrate its
effect on the entire Minnesota wolf
population of some 3,000 animals over
an 88,325-km2 range.

Our data consist of the following: 1) an
annual antibody prevalence of C P\T in
wolves in our ISA from 1973 through
2004, 2) an index of annual wolf
P'11 survival to 4 nio of age in the ISA,
:3) an annual winter census of wolves in the
ISA from 1972 through 2004, 4) intermit-
tent CPV antibody prevalence estimates in
wolves in the total Minnesota wolf range
from 1979 to 2004, 5) an index of annual
P"P survival to 4 ino in the entire
Minnesota wolf range from 1979 to 2004,
and 6) histories of CPV antibody status
in wolves sampled multiple times in the
ISA.
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FicLIHIE 1. the study areas. Minnesota wnlf range is lined. The intensive study area (ISA) is black, and the
Superior National Forest is gray.

MATERIALS AND METHODS

Study area

The ISA is a 2,060-kin2 part of tile Superior
National Forest northeast of El y, Minnesota
(Fig. 1). The wolf population on the ISA is
part of the much larger Minnesota wolf
population that represents the southernmost
extension of the Canadian wolf population,
and has never been exterminated. Humans
and (logs inhabit the western and southern
edges of the ISA, and the entire area is used
for recreation. The wolves feed primaril y on
white-tailed (leer (Odocoileits Virf4inlanlls),
moose (Alces a/ri's), and beavers (Castor
Ca 11 The Minnesota wolf range
(Fig. 1) occupies the northeastern 40% of
Minnesota, including wilderness and semniwil-

derness forest interspersed with farms, towns,
and cities. Dispersing and nomadic wolves
travel throughout this range and into neigh-
boring Ontario, Manitoba, Wisconsin, and
Michigan.

Wolf demography

We live-trapped wolves (Mccli, 1974) from
May to October or November in the ISA and
the immediately adjacent area. In the greater
Minnesota wolf range, we trapped and eutha-
nized wolves as part of a government depre-
dation-control program. We distinguished wolf
pups from adults by the presence of milk
canine teeth (\Tari Ballenberghe and Mech,
1975). We also attached radio collars to most
of the wolves captured in the ISA (Mech,
1974) and later located them from a fixed-wing
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aircraft, We aerially observed radio-tagged
wolves and their paekniates throliglIolit each
winter and counted all members of' each pack
in tile census area. Numbers presented here
represent the il laximu m observed ni 'iiix'rs
Pet- radioed pack dunmig l)ecemnhem'—jaiinarv
each Year supplemented by tracks or ohscrva-
tiot is of nooradiocci packs whose territories b'll
\vhoflv or partly in the census area (Mech.
1986). Annual changes in estimated popilla-
tiomis were related to annual changes in beau
size of radioed packs	 .2,().:35. P<0.0 1
winch were error-free kmio\vns, we \vei'e able
to obtain sonic iii forniation on 1) 11 1) litter size In
our IS.A h'aeriai lv ohseriimg radioed \vol\'es
with pumps neat' their dells in late spring and
summer. Because of poo l ,	i.sibihtv, these
counts OuiIv represented loilninuin pump 0mm-
hers.

'l'.-si(i,m-; 1.	 Siinnnat's- ut' pluisihh' models ('XtTl(ilied
for modelnig CiiiIillC pai'voviriis prevalence ill
froul 1972 to 2001. Tlii,' i'CS I )nllse vii'iihl1 ('I) IS till'
percentage ui saniph'd wolves with canine
pam'\os lois. year i0 is (Ill' ('xpianatui-\- sariahlc
(resealed to vear-1972), 1111' nuiiiher of
piir11cIers	 k)	 iielile.s ((1(1' hir (lie residual
Vii)iiil (('I'	 )i 'iii i (('Ii 'I 0- (7T = 3.1 4).

\Ii,cle'I StIuu(_LllI'('

I	 ij=)3t	 2
2	 y =f3i+fl	 :3

ff Off( 1	 '5p) 13f))	 '3
y =	 I — e>( f31) )+u'i c'os(27t(/J')	 5

5	 Y = I – exp( 1t))+ SiTi(27tt/P)	 5
6	 t/S( I "e'Xp( f31))-i-b c'os(2sti/J')	 6

+' sii(27tt/P)
7	 Y = ix) 1– exp( f3t) )±'f/)f+i 1 sin(2itf//')	 5
S	 y=ix(I –exp(f3t))-i-1)!+l ) ccis(27tt//')	 5
9	 y=o(( I – expf30)+13/)t-i_1) c'0s(2jrt1I')	 6

1-4]	 siui( 2itt//'

population, alid ('hl1-S(1uire tests \vel'e used to
coil parc antibody prevalence at long ages, sex,
study areas, and \'ears. Chiamiges in CPV
all ti 1)1)1 iv p u'evalen cc were 1101 i to red over ti lilt'
for periodicity lw comparing nilme lliodels
undei' iui i ll fo ri l latiol l - t heom'etie u nodel selec-
tion appu'oac'hi (Burnham and Anderson, 2002),
We posed a set of ' nine plaumsihie models to
describe the observed tra j ectory (if CPV
tiitibudv prevalence in the ISA (Table I).
Model 1 (Table I) is it simple li,mear regres-
5I01l, model 2 is it quadratic regression, mnoclel
3 is it logistic growth model, and models 4-9
are t'otnbimieci logistic gm'owtll nioclels with
\-'arions t ngomIollletric ti'aiisfoi'tiiatiotis \Vitll
pilriumnc'tc'r 1' an estimate of period (Cravbjfl,
1976), We used the l'HOC NI,IN (if SAS (SAS
lulstitimte inc., 2004) to fit all models with the
delaimlt Gaimss—Newtoui iterative method to
comopute pil "it meter (',stimates. Akaike's infor-

illatmoll c't'ltem'ia fou' small samples (A1C.) was
imsed to determine which models best described
the trajectory . This tin xleling effort is dc'sc'm'ip-
0', e (imlI\', with 110 ituplic'atioims he\i)mld the years
of this study or to other wolf popumlations. Our
C101111 was to determine how uiiumc'li evid'nc'e
tIlcrc' is for periodicity ill the no, Ili, ielr,
iulereasimig sel'opre\ illetlt'e trajectory.

RESULTS

Intensive study area

\\'oh'es were live-trapped (Mec'ii, 1974)
and bled (n =542 wolves) in time ISA area

Serology

We \veiglled, ('xalili iied, and sexed each wolf
caught and collected blood, which was pro-
cessed for CP\' antibodies as described below,
We removed sei'umtn (rooi 1)1(10(1 samples and
stored it at - 15 ( to —20 C until assayin g br
Cl'V antibody by the lieinag 	 tigluti matio imiluhi -
tioo (III) test (Carmichael ('t d., 1980). Sera
were heat activated, treated with 25% kaolin,
al l(] absorbed with packed po rcine  1 'rvth 10-
etes to reuio'e nonspecific hieinagglutimnns,
\Ve uux&'d serial twofold dilutions of'xera ill

 uuc'i-otiter plates with eight heniaggluti-
nation units of CPV and incubated them at
4 C overnight. A 1% Siispensiomi of porcine
ervtlim'ocx'tes was added, and after 2 hr of
incubation at 4 C time test was read. Antibody
titer 1 ,1 'presen tell the reciprocal of' Ii ighest
sel - 11111 (lililti011 that collipletek inhibited
he ' uagglumtinatioii: titers of ^-256 were consul-
cred positive. Tue III test has umot been
validated ill wolves amid the ( 1 1V strain used
in the test was derived fi'oni dogs: it is uot
known llos' close that strain is to CPV strains
infecting \\'OiVes. Our positive threshold titer
of ^!256 was conservative titers of 128 are
considered positive for C1'V antibodies i t) (logs
Carmichael 1111(1 Rini, 1981), \Ve c'oiisiderc'd

the percenta( ye of wolves that were positive oil
their first capture as the auitihodv prevalence
I'or that year (Goyai et al . , 1986: Mccli of Ill.,
1986). Data from recaptu redred at (1 retested
wolves were counted in our antibody preva-
lence aiialses only (luring tile wolvc's first
year of capture and testing.

Simple linear 101(1 polynomial regression
were i msed to relate trends in antibody
prevalence with year, percent of ' pups caught,
and percent annual changes Ill the wolf'
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1lel i 2	
Data on canine parviis iriis (CI'V) (fleet oil iiieasilres of wiiif population change in an iiiteiisi\

0l_bni study ui -ca iii iuurtheasteiii \liniiesnta.

N pack si/)•

	

No. pails ia)Iioe(l	 11)1(111 CCCI 1).lik Si/i

.al	 11:	 ( i'V° j)')s	 I'ojinlitjoii 	 "'cl,this	 i',ir Cliii InSt	 Hiis sear	 Ni's) \I'ar	 cII;11121I

I)T'	 9	 56	 67	 65	 -7	 5	 6.2	 :3.0	 -52

13)71	 II	 45	 .l	 -II	 -32	 7	 :3.7	 5.))	 35

1975	 16	 :35	 41	 56	 27	 7	 6.6	 5.1	 -22

1976	 15	 4))	 5))	 45	 -20	 5	 5.8	 5.6	 -3

1977	 1$	 1 11 
1	 67	 50	 11	 4	 4.5	 25	 -14

197 S	 12	 8	 I))	 46	 ---8	 3	 3.3	 :3.7	 11)

1979	 15	 20	 44	 54	 17	 4	 3.3	 3.0	 -8

1980	 23	 73	 48	 48	 -11	 5	 -1.0	 3.4	 -15

1981	 19	 53	 43	 17	 -2	 6	 5.7	 5.2	 -9

1982	 IS	 41	 53	 50	 6	 4	 6.5	 540	 -23

1983	 14	 :36	 so	 :35	 -:3))	 5	 2.6	 4.8	 85

1984	 14	 21	 70	 54	 54	 (3	 5.2	 5.5	 6

1985	 18	 44	 45	 47	 -1:3	 7	 5.7	 44	 -23

1986	 11	 64	 25	 -18	 2	 5	 .3.8	 4.6	 21

1987	 25	 36	 28	 59	 2:3	 5	 1.6	 8.2	 78

1988	 21	 14	 42	 79	 3-4	 3	 8.7	 7.0	 -19

1989	 17	 100	 Ii	 51	 -35	 :3	 740	 4.))	 -43

1990	 3))	 6))	 20	 56	 10	 6	 4.2	 6.0	 4-4

1991	 26	 46	 46	 53	 -5	 6	 6.0	 6.5	 8

1992	 17	 47	 47	 55	 :3	 5	 7.0	 7.6	 9

1993	 20	 65	 25	 55	 (1	 5	 8.6	 7.6	 -12

199-1	 14	 57	 7	 5.5	 1)	 3	 7.7	 5.7	 13

1995	 16	 56	 44	 69	 25	 4	 7.5	 73	 -3

1996	 ii	 73	 6	 56	 -19	 7	 7.6	 6.1	 -19

1997	 28	 64	 40	 55	 -2	 8	 5.))	 4.4	 - 1:3

1998	 11	 55	 40	 50	 -9	 7	 4.9	 4.3	 -1.3

1999	 9	 67	 25	 44	 -12	 6	 4.7	 4.8

2000	 18	 72	 28	 52	 18	 6	 5.2	 5.))	 -:3

2001	 9	 78	 0	 5:3	 2	 6	 4.7	 5.2	 11

2002	 8	 8))	 1))	 58	 9	 7	 4.0	 4.9	 21

200:3	 11	 64	 7	 62	 7	 7	 5:3	 7.9	 49

2001- 	 II	 82	 21	 74	 19

ii	 svol\i's tested I Or C1'\ oil [hr]] fost i;ipluiii': iI .c)ij)tiIiiii 11)1)1)1> cIlililtici 011CC.

'13CC' lolinsviiig sviuiti'r.

Hie univ sinives tested ill 1972 (n-2) 1iuil (F\ titers II )4 and 12$.

X--:3.72	 1 1 =0.05:	 cIf'I for 13)7(3 versus 19TT ))l \
2 3t$ P().06 iII	 I for 1)76 su'rsns 197$.

['roiti 1972 ii irotigli 2004. Some of the
wolves were captured iiiulhple times, and
hence 720 samples were tested fr CPV
antihod N-tech and (,oval .1 995). Uroiii
197:3 through 2004. 9-30 (n ieaii 16)
wolves (total 5 IS) were serologic111' test -

ed 1)( 1 I' ear during, their first capture

(Table 2). We recaptured and CPV-tested
54 hj'iiiales and 44 males two-lime tinies

each ovei ' intervals of'2 days to 5.9 \ I', for a

total of ' 175 capture/recapture pail's. Of

those. 49 involved 36 individual pups.

we (.3lptlil'€'d 2:33 dif'h'rent pups during
290 pll[) captures, but iuot all were CPV-

antibody tested. Pups comprised 5-70% of'

the wolves captured each year. Radio-

tagged wolves inhabited 4-10 (iuueaii6.8)
packs of' 2-15 wolves per year (NI ccli,
1956, and uiiupuihlislued data).

['ice of' nine wolves captured in 197:3
tested positive for (1'\' (titer256) and
Five of ii in 1974 (titers =256-2,045). The

earliest (,,p\7-positive wolf, and the first

annual of' aiiv species aivlieue docli-
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\II I.	 .,	 (;;1T	 1.t1\V111	 (1'\ )	 IiI',	 Hi	 .31.5
\\nl\(S t(t0d alid i(t(',t('(l20 mAl t( ,sts) ill tIi'
SIr)('rior 5Jittn7rial Forest (SNF) lioiii 1972 through
2004 arid 221 wolves tested throughout NIiuuiii'5i1ti
Irrini 1979 to 2004.

SN I"	 \Iiiiiii'..,ti

N

Negative	 54	 7,5	 -
7	 <10	 4	 1.8

	

8	 2:3	 :.i	 4	 1.8

	

16	 :35	 4.9	 15	 6.8

	

:32	 80	 11.1	 20	 9.0

	

64	 68	 9.4	 17	 7.7

	

128	 68	 9.4	 17	 7.7

	

256	 94	 I1.1	 17	 7.7

	

512	 112	 15.6	 36	 16.3

	

1,024	 III	 15.4	 .47	 21.3

	

2,048	 54	 7.5	 :37	 16.7

	

4,096	 1:3	 is	 6	 2.7

	

8,192	 I	 1.11	 1	 <1.0

Inente(l with (;p\7 antibodies, was male
wolf 505:3 sampled on 18 May 1973 in
eastern Lake County. Four other wolves
fi'oin two-three other packs captured
within 18 kill where wolf 5053 was
trapped and within the next 5 lIlt) also

ItsittI aittulo udv posihi\ e (liter- 256. l'Iv('

other wolves sanipled in the same area
during the same period tested negative
(titer= 128).

Of the 720 ( IN tests (iticitiding recap-
hires) ill the ISA, :335 (46.5%) were
negative (titers 0-128) and :385 (5:3.5%)
were positive (titers 256-8,192; Table 3).
Of 350 males tested, 183 (52%) were
positive and 167 were negative. Of the :370
f'nia1es, 201 (49%) were positive and 169
were negativ(-: preleit'e di ffi'reuces
between genders were not statistically
significant. Fifty-four (25%) pups tested
Positive and 165 negative versus :330
adults positive and 171 adults negative, a
significant (liflereuce between adults and

11J)5 (P<0.0 1; \2 10398, (1f 1). For
both adults and pups, almost eq1itl
proportions of' males and females were
Positive.

(:Pv-UItIhd\ prevalence (adults and
pups) increased ill population thnnigh
2004 (Table 2), with evidence of period-
icity of 7.3:3 (SE =0:3) yr and dwindling
amplitude (Fig. 2). Table 4 presents the

Years since 11)72

35

Fieu ru .. 2.	 (anill9' parvovirur.s (( PV) seruul)I-evaiclice ill 	 and pups (>2 ion old) in the Soperini'
National F'orest of Ilorthicasterri Mi iloesota compared with a logistic growth model (dashe(l line) with sine
trallsf%)rrnat j ofl (adjuste(j R20.85).
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Toil I 4	 lUsitlts of to il	 l lilt ioit-tl'Orl'tic itf)1)iOaCfl for assussoleot (II iiiotlils froiii ]tllu I	 1110(101

ers are (ruin Iahli' I ti	 alt' sorted by Ahailus iof6roia(ioii criteria I A.\ l( ,.	 135S = I i'sitliiiI 511111 of

squares, total sniu of squio'us	 I0. 275 or ui uuode]s. 11 - 33 u.

.ioukl rut	 oss	 \l(:,	 A\IL,	 \\'r'ilr)	 Ad1usled R

I	 2	 1.5760	 -2.2:3	 0,00	 o. otT I	 0.79

:3	 :3	 1 677	 -1 ,59	 064	 0.296!

2	 :3	 13271	 -21 ,00 	1 .23	 0.2199	 O. S]

7	 5	 (1.746	 -18.57	 :3.66	 01062	 0.S5

4	 5	 1.1327	 -13.15	 9.10	 0.0044	 07S

5	 5	 1.1894	 -12.52	 9.71	 11(1(132	 0.77

8	 5	 1.2361	 12.02	 10.11	 0.1)1)25	 0.76

6	 0.7462	 -11.15	 1 IllS	 0.0016	 0.52

6	 6	 1.13.5	 3	 16.51)	 0(001	 0.73

llulliber of pirailiet('rs it each of the nine

iiiodels, the 1-esi(Il1ai Shill of S(iii

(011 1 1)1 itcd AI( _ AMC, (ijiodels sorted

by), Akaike 1110(1(1 \Veigllts, and adjiistei.l
B 2 vahics. Fotir 1ll()(lelS (mod(-ls I, 2, :3,

and 7) had AAIC ( ' values <4.0. with the

remaining models offering less evidence of

plausibility . Models 1, 1 and :3 indicated

an jnCFCaSe in CP\' with the latter two

modes accounting for the nouihiiiearitv in

the ti'ajectorv. The iulciiisioll Of model 7 in

this set of ' plausible models provides

evidence of ' Periodicity.

Some recaptured wolves Seli)CO1 ivei'tc'd

over short periods. Adult mImic 6041 had it

titer of ' 128 oil Septciither 1983 and 512

oil 9 September; female pup 17 had it titer

of 16 oil Amugi ust 7, 1987 and 1,024 oil 19

Augu st . The proportion of ' wolf recaptures

couivcrtuig inuii negative to positive 01

retaiilillg tlteii' positive status increased

\VItii tiutte (Fi(ir . :3). Of' the 44 male and 54

Ici m iale wolve's tested 2-9 ti mes over

periods of tip to 5.9 yr. 62% of the

reea1)ti.lreS either seroconverted or re-

niained positive. 29% remained iu-'gative

and one (9%) converted from positive to

negative. Some wolves btiied to serocon-

vert over long periods. Of' the $3 male

recaptures, six (7%) buled to seu'oconvei't

over periods OF veal', iticlud ill Ig one

after 1,753 days. Of the 92 Female

recaptures, cigTht (9%) (ailed to seu'ocon-

vert over pcno(lS of ^1 vr, including one

Fict ill, :3	 I'rogr'essioiu of changes ill caililir' pao'o\iruis l( TV) ser'op evaleito' ill ssuuls'( ,s tested ititiltuple

tOries iii (lie Superior National Forest of rioi'thieasterui Muoiu-'sota. Pt' uu = 52)	 positise (^256 to positive.

\T itt 21) = iegatise to positive; I'N (ii S 12) = positive to negative: N\ (ii 3.5) = uiegatrse to itegatise.
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Y =-O.O449x2 + 177.61x -
F =0.3308

..

• ,••

1970	 1980	 1990	 2000	 2010

Year

FI(:iaE 4. Trend in wolf-pup survival index in Superior National Forest of northeastern
Minnesota ( P = 0.0 1).

after 2,1:39 days. However, all except one
of these recaptured animals were tested
before 1986. Six (14%) of the male and
nine (17%) of the female recaptures
converted from positive to negative and
these cases were spread over the entire
study period. One female and one male
seroconverted front negative to positive
and back to negative, and one female and
one male converted from positive to
negative and back to positive.

Nine (25%) of 36 wolves first caught
and CPV tested as pips from 1975 to 1998
were positive on retest. Six (17%) of them
retained positive status upon recapture 2
clays to :3.1 yr later. Within 1 yr, nine
(25%) had seroconverted, and by 4 vr,
50% had seroc'onverted.

The primary effect of CPV in the ISA
wolf'populationi could have been mortality
of pups <3 mu old (Eugster and Nairn,
1977; Meunier et al., 1981; Johnson et al.,
1994), as this would have removed them
from our sample. Pups in our area are
usually born about 25 April, and first
appear outside the den :3 wk later. \Ve
were able to observe three CPV-positive
(256-1,024) females (one during 2 vr)
with litter sizes of fbur—six pups (mean
5.4 pups/litter). The earliest we caught a
seropositive pup was on 13 july 1997.

I Iovever, this male pup weighed 15 kg,
which is heavy for an 11-wk-old pup; the
Pup may have been born early. We radio-
collared most pups >5-mo-01d, so we
were able to document their survival after
that and often their cause of death. We
documented the death of' a 9-mo-old
fmale from CP\' infection ( 1ech et al..
1997).

Pups 3-7 mo old comprised 0-70% of
wolves live-trapped each year (Table 2); the
proportion of pups in the total sample
significantly declined curvilinearly through-
out the study (1-=0.33; P=0.0 1) (Fig. 4).
The decline be gan in about 1984 after CP\'
became enzootic in the population (Mech
and Goval, 1995) and was inversely related
to CPV antibody prevalence from 1984 to
2004 (r2 =0.51; P<0.01). The annual per-
cent change in the wolf population front
winter 1984-1985 to winter 2004-2005 was
in turn directly related to the proportion of
pups caught (luring the p1ex)u1s summer
(r2 =0.22; P=0.0:3) and iuiverselv related to
CPV antibody prevalence (r2=0.38;
P<0.0 1). A related but more conservative
(error-free) component of' annual wolf'
population change, annual change in size
of radio-tagged wolf packs, was also related
to CPV antibody prevalence (r2=0.3.5;
P<0.01).
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Ftc iii: 5.	 Irend ill 	 SIIrV]Vtl i lldex in statt^\\idc Nlinitesotit population (P<0.01).

The greater Minnesota wolf population

In the Minnesota wolf population at
large. from 1979 through 2004, we cap-
tured 2,562 wolves iii 16 counties and
tested 221 for CPV antibodies from 1979
to 1989, and iii 1991, 1992, and 2004.
Sixty-five percent were positive, signifi-
cantly higher than the percent in the ISA
(X2 =9.38; P<0.01; (11=1). Annual CPV
antibody prevalence increased with time
from 17% to 100% in 2004 (r2=0.24;
P= 0.13). CPV-antibody prevalence in
eight counties varied h'oni :33% to 85%
with samples of six to .39 wolves per
county. Three conti gllon 5 comities in
extreme northwestern Minnesota had the
highest antibody prevalence (69%, 75%.
and 85%). Beltraiiii Comity had a signif-
icantly higher antibody prevalence than all
other counties (X2 =4.06-3 1.49; I'0.04-

0.01; df= 1) with the exception of two
neighboring counties; Lake of the Woods
and Roseaut Counties (Fig. 1).

Twenty-t)ur percent (n = 668) of the
wolves captured in greater Min neso taes( ta
were pups (range 5-67%/year). The pet-
cent of pups captured each year declined
(r2 =0.46; P<0.01) cnrviliuearlv (Fig. 5).
The mean proportion of iiS captured

from 1979 through 1984 was 40. whereas
from 1985 through 2004 it was 21
( P = 0.01). The Minnesota wolf population
increased at an average annual rate of :3.0-
4.5% from 1979 to 2004 (Fuller et al.,
1992: Berg and Benson, 1999: Erb and
Benson, 2004).

History of CPV

One of the earliest locations \vllcre CPV
appeared (the earliest oil was in
our northeastern Minnesota ISA. The area
where we captured the first antibody-
positive wolves is wilderness, hut it
contains gravel roads and canoe routes

an d is frequented by h u mansmans and dogs.
The CP\' status of wolves hefire 1973 is
not known. \Ve sampled only two wolves
ill neither of which was positive,
although one had an antibody titer of 128,
which some consider positive (Carmichael
and Binn, 1981). In May 197:3 we
captured the first of five (TV-positive
(titer 256) wolves.

CPV-antibody prevalence remained at
:38-45% through 1976 in wolves from the
same immediate area that we sampled in
1973, and then it dropped significantly
(X2 =3.48-3.72; P=0.05—().06; (1f1) in

ki
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7.330	 0.3171	 (6.6611. 7.976(3)

ii

1977 and 1978. Ill 	 \\'Olf 353
(positive at a titer of 256) in November
1975 tested negative ill and August
1977 (titers =8 and 64, respectively) but
wolf 5472, winch was positive (titer51 2)
in October 196 remained positive (ti-
ter= 1,024) ill 	 1978. Three
other wolves that were negative (ti-
ters =64-128) ill remained negative
(titers=16-128) i]1 1978. II' foci of (TV
infection were still localized in 1977 and
1978, the decreased antibody prevalence
might have resulted l'rntii bias ill area
sampled. However, by 1.976. we had fntnd
CPV-positive wolves 16 km north of ' the
1973 locations and 26 km vest, and our
1977 and 1978 samples incll.t(Ie(l those
areas and areas in between, so biased
sampling p1-0l)1liy was not the cause of'
the temporary decline in seroprevalemice.

Iii any case, in adult ISA wolves, (
antibody prevalenceincreased (r2 =0.47:
P<0.0 1) and from 1985 through 2004. it
averaged 81%. Ill 	 ISA
however, CPV seroprevaleiicc averaged
43% from 1973 through 1982 ( n = 72), but
as increasingly fewer pups survived mid

 our sample (Fig. 4), CP\ 7 sem'o-
prevalence ill Pi1I)5 dropped to 12% f'i'oni
1983 through 2004 (it = 1.19; X2=24.39
P<0.01, (11=1).

DISCUSSION

The apparent cvclicitv and dwindling
aiuphitll(l(' of ' Cl'V-antilxxlv pt'(''itl('1Re in
our ISA appears to be a unique ol)serVa-

tion fr a long study of a \'ildiik' disease.
Ill 14-yr study of canine distemper ill
raccoons (Froc!Joi, lob,'), e1)izooties oc-
curred at 4-vt' intervals but incidence (lid
not vary during these events ( Roscot'.
199:3). The Akaike weight model 7 is not
strong compared to models 1, 2, and 3, but
the ad Listed R- value indicates a good 1, 

1 
t

to the tra j ectory (Table 4). Although the
evidence is tiot overwltel ming, model 7
indicates it of 7,3:3 (SE =0:32)
y r (Table 5), We note that model 7
includes structure that accounts fir not
only the period parameter P but also him'
the danl1)clmimlg of ' the flmmctimatiott in the
trajectom'v.

As (.TV was infecting wolves ill ISA
(Mech et al,, 1986), it also began to he
detected elsewhere, C1V-antibodv-posi-
ti'c (logs  Nvere documented in ( reec'e in
1974 (Koptopoimlos et iii.. 1986), ill
Netherlands it) 1976 (Schwers et a]..
1979), and ill Texas ill 1977 (Eugstcr and
Nairn, 1977). fit 1979, oil( , (if the three
wolves sampled ill (.omintv ill
the main Mimnesota population was pos-
itive (titer = 1,024), some 160 km west of'
our ISA, and ill 1980, antibody prevalence
ill 19 wolves was 53%, with positive
animals it -i Roseau County in northwestern
Minnesota 275 killfrom our ISA.

CPV effect on wolves

We believe that the putt )al'v elleet of
CPV ill our study is titot-tahity in young
pups. The only other way of explaining a

1
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link betveen iileeise(l	 p\-antihodv
prevalence and decreased number of' iips

0uld be through a CPV effect oil

size of CF\ -positive adult females. How-
ever, the mean litter se of our (TV-

positive females (5.4 pups) compares
favorably with the normal litter size of
6.0 (Mech. 1970). Although about 10% of
the wolves we captured and f()llo\ved in
our ISA had CP\ titers ^2,018, milv one

(9 inn old) wolf (lied f'roni CPV. En
beagles, (PV titers reached ^! 1 ,28() oiilv
in individuals within 2 \vk of active inf'ec-
tion (Hirasawa et al., 1987). Apparently
most of our \vOl\(5 ^!3 nio old were able
to survive infections.

Mortality related to (TV primarily

occi trs ill 1-12-wk-old animals (Eiigster

and Nairn, 1977 Meuiiier et al.. 1981
Johnson et a1.. 1994). aitlunigli CPV
mortality has been reported ill 1 5-iiio-old
captive wolves (Goval et al., 1986). Ma-
ternal antibodies ill coyotes (Can is /a-
trans) have I eeo reported in 83% of p'1i15
of antibody-posi tive mothers and can
persist for up to 8 wk (C;rc'en et al.,
1984), liters of niateroallv derived anti-
bodies ill dog pups ill 	 litters were
lower than ill 	 litters (Pollock and
Carmichael, 1982), but after 8-12 \vk such
P ips were no I( )m iger p rotected  (NI ei LU ier

et al., 1981). In coyote pups, tile half life of
materiiallv derived ( PV amitihodv was 6,7
days (Green et ai.. 1984) and 

ill 	 9.7
days (Pollock and Carmichael, 1982). Thus
\VOlf pnps, \vitlunit mitatermial antibodies,
\\0i ilcl becom e  \ i ihierabie to (TV when
Ili( , v ellierge f'roiil the den at tl )Out 3 wk of

age; pups with maternal antibodies would
become susceptible after 6—$ wk.

Canine pam'vovirus miia be mamtaiued
in the ISA \VlI population by carrier
animals. A clog with an Ill titer of 4 at
6 uiio postinfection, shed virus ill 	 for

inn ( Koiiiolafe, 1 985), ( PV can re-
main infective ill 	 =z!7 nut (Gordon
and Aiigrick, 1986), 11 is possible that the
virus can rciliaiml iii fective in wolf feces flir

yr (Muneer et al., 1988). Antibodies in
(logs persisted ^2 yr (Carmichael and

Binit, 1981). One of our wolves (female
5176) had positive titers all five tunes
tested From 1975 through 1983. Our

recapture data indicated that serocouver-
smn can take place within 3-12 (laYS and
25% of' recaptured pimps had seroconvert-
ed within a ycar.

Because wolf pups remain close to (lens
until ^:-12 'l< old (about jnlv 25), our
sampling tecltumiquie, which depended oil
allimnals travelin( r , included few pups that
were vulmii:'ridle to CPV. Tb eref'ore. the

proportion of' 1)1 ps ill 	 capture sample
became 

all 	 index to pup survival.
This index (i.e., pup survival) declined in

our ISA (Mccli et al.. 1986), especially
dafter CPV heeanie enzootic ill ISA
about 1984 (Niech and Goval, 1995). An
additional 11 vi' of data fi'oin the ISA and

I examination of this pup index ill

wolf population at large now indicate that
(TV ][its affected not only the local wolf,

population ill 	 ISA, hut also the entire
\lmnesota wolf population. The nimnihem'

of P'P5 now surviving through slimmer
each year has beenI I'm hi iem I from the pre-
(TV period b' about 70% ill 	 ISA and
by 40-60% ill entire Minnesota wolf'
poputlatl()uI. Although this drastic decline
ill plip survival does influence annual
population change, as documented above
ill our ISA, eulougli pumps still survive to
niaimitiiml the population. This is because
competition for food is keen ill this

saturated population. and P1mP starvation
(Van Ballenbergite and Mccli. 1975) and
other types of' mortality are high (Mccli,
1977). Thus, miimuc1i of ' CPV-caused mor-

tality iIIerelv compensates flir other causes
of ' death ( NI ccli and Goval, 1995).

Population effects of CPV

In a popumlatiomi with the potential to
colonize addi tional areas, the 40-60% ptmj
reduction can seriousl y retard f'iurtlier
colonization. A high propom'tiom 1 (If surviv-
imug pups disperse from their natal packs

wlicmi 1-3 yr 01(1 (Mccli and Boitani,
200:3), seek new areas with adequate P"-'Y
mate, reproduce, and forum new 1)aC'ks.
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thus expanding the population. The main
prey of wolves ill of Minnesota is
white-tailed (leer, and althomyli ill
density in the ISA, they abound ill of
Minnesota. There, the pre-CPV level of

PUP production \VOUI(l have led to in-
creased dispersal and colonization of new
areas similar to adjaco'nt \Viseonsill and
Michigan, where volves are increasing at
many times Minnesota's rate (Fuller et al..
1992; Wycleveui et al., 1995). Although the
growth of the Wisconsin wolf" population
apparently was retarded by CPV early in
its recolonization (\\V(leven et al., 1995), it
has since flourished. From 1981 through
1986, the nascent \Viseouisin Nvolf popula-
tion dropped from 21 to 16 individuals
when its CPV antibody prevalence was
77% (24/31) whereas from 198$ to 1996 it
increased an average of 18% per year from
26 to 99 wolves when CPV sc'o1)re\lelice
was down to :35% (22/63) (X-'=15.0:2;
P=().()];(If= 1: Wisconsin 1)epartmcnt of
Natural Resources, 1999).

The known effects of' ( PV on young
pups, our data oil sizes, as well as our
correlations and the lack of other plausil)Ie
explanations, suggest that (P\ caused the
demographic changes we observed. In
2004, CPV antilocly prevalence ill greater
Minnesota was 100% (n = 17), and from
1997 through 2004 antibody P1'e'itleu1c't' ill
ISA adults averaged 87% (72 of $3
animals).

A recent report that (PV antibody
prevalence ill National Park
(YNP) wolves was 100% iroi i i 1995 to 2005
(Smith and Alniberg, 2007) raises the
question of' wI iv the CPV antibody preva-
lence ill area has fluctuated. One
explanation is that the YNP wolves are
liighlv isolated from auiv possible source of'
non-exposed immigrants. The ISA, con-
versely, adjoins the entire Canadian wolf'
p0pt1lition, 5(1 it receives imnmnigratioul foun
pristine wlI(ler]iess areas where Cl'V mmiv
not vet have become established. Wolves
can disperse straight-line distances of up to
1,092 kill (Wahakken et al.. 2007).

We still do not understand, however,

what determines the spatial variation ill
CPV antibody prevalence in Minnesota
Wolves. \Vhiile CPV was spreading through
Mimwsota, time prevalence was the highest
ill 	 extreiiie northwest. That area
receives less precipitation, niostiv
<6() cmii/vr, whereas most of the rest of
Minnesota wolf' range receives 66-81 ciim/
yr (Spatial Climate Analysis Service,
2000). Transmission can occur through
contact with inf'ected feces, and dry Rc'c's
can remuiai i positive f'or CJ?V for more than
5 yr (Muuieer et al., 1988). Higher precip-
itation would serve to remove fecal
material; the lower precipitation ill north-
western Minnesota timay explain the higher
CT V antibody	there. A higher
precipitation of' 76-86 cm/yr ill

 \Vohf range (Spatial Climate Analysis
Service, 2000) also may explain \vliv CPV
is more sporadic there and has not
become euidc'iiiie ill the wolf population.

One final question our study raises
involves the origin of CPV. Although
much is known about the molecular
c-hangc's that allowed the feline pamileuko-
penua-like virus to spread to canuls
(Shackleton et al., 2005), it is not known
where and wi mcii that mutation)n OCd-i i rred.
The initial evidence of' this virus ill cauiids,
specificall y from wolves ill northeastern
Minnesota ill 1973, supports time idea that
wild cauidls may have been involved ill
adaptation.

This study appears to be the first to
doemmumment compelling, circumstantial evi-
dence for long-term effects of (P\7 on a
wildli k' population and the onl y iulvestiga-
tioui that has followed the course of' any
wildlife disease l'ronu near its inception
through its first :30 yr. We conclude, from
our ISA data, From the greater Minnesota
data, and from the \ViSconSin data, that
there is compelling circumstantial evi-
dence that CPV may be a major dhetermi-
nauit of rate 01 \Volf, P OP1t hLti0h1 increase
and recolonization over its curl-emit range
ill uiiidwestern USA and that it is
restricting further recolonization of Min-
nesota.

i
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